The periodic fever syndromes are disorders of innate immunity. They may be inherited or acquired and present as recurrent attacks of apparently spontaneous self-limiting inflammation without evidence of autoantibodies or infection. Over the past decade-and-a-half there has been significant progress in their understanding and treatment.
Introduction
The periodic fever syndromes are disorders of innate immunity characterized by recurring episodes of fever and systemic inflammatory symptoms, affecting the serosal surfaces, joints, skin and eyes. They include the hereditary syndromes: familial Mediterranean fever (FMF), tumour necrosis factor (TNF) receptor-associated periodic syndrome (TRAPS), mevalonate kinase deficiency [MKD -previously known as hyperimmunoglobulin D and periodic fever syndrome (HIDS)], the cryopyrin-associated periodic syndromes (CAPS), Blau syndrome, deficiency of the interleukin (IL)-1-receptor antagonist (DIRA), pyogenic arthritis, pyoderma gangrenosum and acne syndrome (PAPA syndrome): diseases of uncertain genetic aetiology including periodic fever, aphthous stomatitis, pharyngitis and cervical adenitis (PFAPA) syndrome and acquired diseases such as Schnizler's syndrome.
Despite similarities in their symptoms, they have differing aetiologies, inheritance, duration and frequency of 'attacks' , and the overall clinical picture of the various disorders is often distinct (Table 1) . These diseases are compatible with near-normal life expectancy, bar the serious risk of developing reactive systemic (AA) amyloidosis. Recent advances in unravelling their molecular pathogenesis have led to radically improved diagnosis and therapies, and have provided advances into the understanding of aspects of innate immunity in general. The aim of this paper is to provide an up-to-date overview of these syndromes and their management.
FMF
The term 'familial Mediterranean fever' was coined in 1958 and the associated gene, MEFV, was identified by positional cloning in 1997 [1, 2] . MEFV is expressed constitutively in neutrophils, eosinophils, monocytes, dendritic cells and synovial fibroblasts and is up-regulated in response to inflammatory cytokines [3] . The more than 80 MEFV mutations associated with FMF encode either single amino acid substitutions or deletions (Infevers registry database http:// fmf.igh.cnrs.fr/ISSAID/infevers/) [4] [5] [6] . Disease-causing mutations occur mainly in exon 10, but also within exons 1, 2, 3, 5 and 9. Mutations in each of the two MEFV alleles are found in 85% of patients with FMF; although 14-25% of patients with a clinical diagnosis of FMF have only one identified mutation, the great majority of individuals with a single mutated allele are healthy carriers [7, 8] .
Neither the structure nor function of pyrin (the protein product of MEFV) have been characterized completely, although it is a member of the death domain superfamily and likely to be involved in homotypic protein-protein interactions [9, 10] which potentiate production of proinflammatory cytokines [11] . FMF is most common in Middle Eastern populations, but occurs worldwide [12] . The sexes are affected equally and the disease usually presents in childhood. The prevalence of FMF is estimated to be one in 250 to one in 500 among Sephardic Jews and one in 1000 in the Turkish population. Carrier frequency exceeds one in four in some eastern Mediterranean populations, prompting speculation that the FMF trait may have conferred survival benefit, possibly through enhanced resistance to infection.
Apparently spontaneous attacks of FMF occur irregularly, although precipitants such as minor physical or emotional stress, the menstrual cycle or diet are well recognized, and resolve within 72 h. Peritonitis occurs in 85% of cases, and 40% of patients will undergo exploratory surgery before diagnosis is made. Pleuritic chest pain occurs in 40% of patients, characteristically unilaterally. Meningitic headache occurs particularly in children, but the nervous system is not usually involved. Orchitis occurs in fewer than 5%, again most commonly in early childhood. Joint involvement is generally mild and affects the lower limbs: arthralgia is common in acute attacks and a chronic destructive arthritis is rare. A degree of myalgia can occur during acute attacks, and 20% of patients have persistent muscle pain on exertion, usually affecting the calves. Protracted febrile myalgia is a very rare complication, characterized by severe pain in the lower limb or abdominal musculature that lasts for weeks and can be accompanied by a vasculitic rash; it usually responds to high-dose corticosteroid therapy. A characteristic erysipelas-like rash occurs in 20% of patients, usually around the ankles (Fig. 1) .
Acute attacks are accompanied by a neutrophilic leucocytosis and a dramatic acute-phase response. Investigations may be required to exclude other diagnoses, but X-ray, ultrasound or echocardiography during attacks is usually unrewarding.
Diagnosis is supported by DNA analysis, but remains clinical and centres on the history of recurrent self-limiting attacks of fever and serositis that are prevented by colchicine [13] . Genetic results must be interpreted cautiously, given that not all individuals with paired pathogenic MEFV mutations develop FMF, and others with heterozygous carrier status can do so. Furthermore, most diagnostic laboratories offer only limited analysis, as MEFV is a large gene.
Supportive measures, particularly analgesia, are often required during acute attacks, but the mainstay of management is long-term prophylactic treatment with low-dose colchicine. This serendipitous discovery in 1972 [14] has entirely transformed the prognosis of this disease. Continuous treatment with colchicine at a dose of 1-2 mg daily in adults prevents or substantially reduces symptoms of FMF in at least 95% of cases, and almost completely eliminates the risk of AA amyloidosis (see below). The mechanism of action of colchicine remains incompletely understood, but it modulates neutrophil adhesion, mobility and cytokine release in a presumably somewhat specific manner, possibly by competing with pyrin as a substrate for caspase 1, in patients with defective pyrin variants [15, 16] .
Long-term colchicine is advisable in every patient with FMF and mandatory in those who already have AA amyloidosis. Although colchicine is very toxic in acute overdose, the low daily doses required for treatment of FMF are generally very well tolerated. Diarrhoea is the most common side effect and can usually be avoided by gradual introduction of the drug and, if necessary, temporary withdrawal of lactose from the diet. Despite theoretical concerns, there is no evidence that colchicine causes infertility or birth defects, and it can be taken safely by nursing mothers [17] . Colchicine has now been licensed by the US Food and Drug administration for the prophylactic treatment of FMF from the age of 4 years upwards. Genuine resistance to colchicine is rare, although poor compliance is frequent. In treatmentrefractory patients there is emerging evidence that etanercept or anakinra can be efffective [18, 19] . TRAPS TRAPS is very rare, with an estimated prevalence of about 1 per million in Europe. It is an autosomal dominant disease associated with mutations in TNF receptor superfamily 1A (TNFRSF1A), a 10-exon gene located on chromosome 12p13 [20] . TNF is a key mediator of inflammation with actions including pyrexia, cachexia, leucocyte activation, induction of cytokine secretion, expression of adhesion molecules and resistance to intracellular pathogens. TNF receptor 1 (TNF-R1) is a member of the death domain superfamily. It has a cysteine-rich extracellular domain, a transmembrane domain and an intracellular death domain. Binding of soluble circulating TNF causes receptor trimers to form with downstream induction of inflammation. The mechanism(s) by which heterozygous TNFRSF1A mutations cause TRAPS remains unclear and may well be mutation-specific [21, 22] . Most TRAPS-associated mutations are within exons 2-4, and about half are substitutions affecting highly conserved cysteine residues in the extracellular domain. Under normal circumstances, TNF signalling is terminated by metalloproteinase-dependent cleavage of the extracellular domain, thereby releasing soluble TNF-R1 which competes with the cell surface receptor in binding circulating TNF. While cleavage of certain TNFR1 variants is impaired, producing a 'shedding defect' , this is not the case with other TRAPS-causing mutations, which must exert their pathogenic effect by different means. It is thought that mutant misfolded receptors may give rise to enhanced or prolonged signalling, possibly through retention within the endoplasmic reticulum [21] [22] [23] [24] .
TRAPS was described in 1982 as familial Hibernian fever, reflecting the Irish/Scottish ancestry of patients in early reports, but TRAPS has been reported subsequently in many ethnic groups. Both sexes are affected and presentation is usually before the age of 4 years. Most mutations are associated with high penetrance but two variants, P46L and R92Q, which can be associated with mild TRAPS, are present in approximately 10% of healthy West Africans [25] and 2% of healthy Caucasians, respectively.
TRAPS attacks are often far less distinct than in FMF. Febrile episodes typically last weeks and symptoms are nearcontinuous in a third of patients. Approximately half of patients give no clear family history, many of whom have the P46L or R92Q variants, which are associated with milder disease and later onset [26] . The clinical picture varies: more than 95% of patients experience fever, and 80% have arthralgia or myalgia that classically displays centripetal migration; abdominal pain occurs in 80%, and rash which may be erythematous, oedematous plaques (often overlying areas of mylagia) and discrete reticulate or serpiginous lesions occur in 70% of patients (Fig. 2) . Other features include headache, pleuritic pain, lymphadenopathy, conjunctivitis and periorbital oedema. There are also reports of central nervous system (CNS) manifestations and magnetic resonance imaging (MRI) findings resembling multiple sclerosis [27] . Symptoms are accompanied almost universally by a marked acute-phase response. Between attacks, the plasma concentration of soluble TNF-R1 may be abnormally low in patients with decreased receptor shedding. Genetic testing is central to diagnosis.
Despite high initial hopes for response to anti-TNF biologics, treatment of TRAPS often remains disappointing. Acute attacks respond to high-dose corticosteroids, and etanercept but interestingly, not infliximab, is useful as longterm treatment in some patients, although response may gradually decline [28] . More recent reports suggest that IL-1 blockade with anakinra can be very effective in preventing attacks [29] .
MKD
MKD, also known as hyperimmunoglobulin D and periodic fever syndrome (HIDS), is an autosomal recessive disease caused by mutations in the mevalonate kinase (MVK) gene [30] . About 60 mutations have been described, the most common of which encode MVK variants V377I and I268T. MVK is the enzyme after 3-hydroxy-3-methylglutaryl-coenzyme A (HMG CoA) reductase in the cholesterol, farnasyl and isoprenoid biosynthesis pathway. Most disease-causing MVK mutations are missense variants that reduce enzyme activity by >90% [31] . Other mutations resulting in near complete absence of enzyme activity cause a much more severe inflammatory disease known as mevalonic aciduria (MVA), features of which include stillbirth, congenital malformations, severe psychomotor retardation and early death.
It is not yet known how MVK deficiency causes inflammation, although reduction in prenylation due to failure of flux through the isoprenoid pathway currently seems more likely to be responsible than accumulation of the enzyme's substrate [32, 33] . A variety of effects of statins on caspase-1 activation and IL-1 secretion have been postulated, but a clinical study of simvastatin in six patients with MKD suggested only minor benefit [34] , and two children with MVA were reported to develop severe inflammatory disease following statin treatment [35] . MKD is extremely rare and is predominantly a disease of north-western Europe, probably through a founder effect, although it has been reported in many other countries and other ethnic groups. It was described in the Netherlands in 1984 and the international registry in Nijmegen has data on just over 200 patients (http://www.hids.net). The carriage rate of MVK V337I is one in 350 in the Dutch population [36] .
The disease occurs equally in both sexes and usually presents in the first year of life [37] . Attacks are irregular, typically lasting 3-7 days, and are provoked characteristically Fig. 2 . Typical rash accompanying an attack of tumour necrosis factor receptor-associated periodic syndrome (TRAPS). Rashes are seen in about 80% of TRAPS attacks and tend to last for 10 days-3 weeks. They may be very varied both between and within individuals; there can be discrete erythematous macules or papules or large erythematous plaques and both localized and generalized annular, reticulate and serpiginous lesions are also seen.
by vaccination, minor trauma, surgery or stress, perhaps triggered by a reduction in MVK enzyme associated with increased body temperature [38] . Attacks typically comprise fever, cervical lymphadenopathy, splenomegaly and abdominal pain with vomiting and diarrhoea. Headache, arthralgia, large joint arthritis, erythematous macules and papules and aphthous ulcers are also common. MKD often ameliorates partially in adult life.
Diagnosis of MKD is supported by a high serum immunoglobulin (Ig)D concentration, although this is not specific and not always present [39] . More accessibly, serum IgA concentration is also elevated in 80% patients. Attacks are accompanied by an acute-phase response, leucocytosis and the transient presence of mevalonic acid in the urine. A mutation in both alleles of the MVK gene can be identified in most patients. Treatment is largely supportive, and responses to etanercept [40, 41] and anakinra have been reported.
CAPS
CAPS comprises an overlapping severity spectrum, ranging from mild to severe, otherwise known as familial cold autoinflammatory syndrome (FCAS), Muckle-Wells syndrome (MWS) and chronic infantile neurological, cutaneous and articular syndrome (CINCA), which is known in the United States as neonatal onset multi-system inflammatory disease (NOMID). CAPS is associated with mutations in NLRP3/ CIAS1 on chromosome 1q44, a gene that encodes the death domain protein NOD-like receptor protein 3 (NLRP3) [42] . Dominant inheritance occurs in about 75% of patients with FCAS and MWS, whereas CINCA, at the most severe end of the clinical spectrum, is usually due to de novo mutation. More than 60, mainly missense, mutations have been reported, with the vast majority in exon 3. The genotypephenotype relationship can differ markedly between individuals, even within a family.
NLRP3 encodes a death domain protein that has a pyrin domain, a nucleotide-binding site (NBS) domain and a leucine-rich repeat (LRR) motif. Recognition via the LRR of a variety of danger signals results in the association of NLRP3 with other members of the death domain superfamily to form a multimeric cytosolic protein complex, known as the inflammasome [43, 44] . This results in activation of caspase 1, which cleaves pro-IL-1 to produce active IL-1 beta; it also up-regulates nuclear factor kappa B (NF-kB) expression and thereby increases IL-1 gene expression. IL-1 is a major proinflammatory cytokine that mediates responses to infection and tissue injury and, as proved by the complete response of CAPS to IL-1 receptor blockade, is pivotal in causing the clinical features of this disease [45] .
Most reported patients with CAPS have European ancestry, but cases have been described from South Asia and elsewhere [46] . Onset of disease is usually in early infancy, often from birth, and there is no sex bias. FCAS is characterized by recurrent episodes of cold-induced fever, arthralgia, conjunctivitis and rash (Fig. 3) . MWS was described in 1962 [47] as a similar syndrome but with often daily attacks complicated by progressive sensorineural deafness in 40% of patients, and a high risk of AA amyloidosis. CINCA is a sporadic, severe inflammatory disorder that presents in the neonatal period with multi-system involvement including the skin, skeletal system and central nervous system [48] . Bony overgrowth and premature ossification may occur, particularly in the skull and knees; chronic aseptic meningitis results in developmental retardation, blindness and deafness.
Clinical disease is accompanied by an acute-phase response, and often anaemia of chronic disease. Fundoscopy and brain imaging may show features consistent with elevated intracranial pressure. A mutation in NLRP3 can be identified in almost all patients with clinical FCAS or MWS, although mutations are only found in about 50% of children with classical CINCA; it is possible that 'mutation-negative' cases of FCAS and MWS may also exist but are simply not being recognized.
Daily injections of anakinra (recombinant IL-1 receptor antagonist) produces rapid and complete clinical and serological remission in CAPS [45] . Various new IL-1 inhibitors are also proving to be very effective [49] . It is hoped that early anti-IL-1 therapy may prevent developmental abnormalities. 
CLINICAL IMMUNOLOGY REVIEW SERIES
The periodic fever syndromes DIRA This autosomal recessive disease was first described in 2009 [50] . It is due to mutations in IL-1RN that result in a total deficiency of IL-1 receptor antagonist. The disease has been reported in only a handful of families of varying ethnic origins. The disease presents in the immediate neonatal period with a pustular rash, joint swelling, osteolytic lesions and periosteitis typically affecting the distal ribs and the long bones. Characteristic heterotopic bone formation around the proximal femur appears almost universal. Treatment is anakinra, with good responses seen in all cases treated so far.
PAPA syndrome
This exceptionally rare autosomal dominant disease is caused by mutations in the proline serine threonine phosphataseinteracting protein 1 (PTSTPIP) gene encoding a protein also known as CD2 binding protein 1 (CB2BP1) [51] . The underlying pathogenesis remains poorly understood, although there is evidence that CD2BP1, which interacts with actin and is an important component of cytoskeletal organization, interacts with pyrin and disease-associated mutations appear to potentiate this. PAPA is characterized clinically by severe acne and recurrent pustular sterile arthritis that occurs typically after minor trauma. Early reports suggest that therapy with anakinra may be effective.
Blau syndrome
This sarcoid-like syndrome is an autosomal dominant syndrome of granulomatous infiltration of the joints (causing camptodactyly), skin and sometimes viscera, associated with uveitis [52] . It is associated with missense mutations in NOD2/CARD15. This is another member of the death domain superfamily [53] which has also been implicated in familial Crohn's disease, also a granulomatous disease. Treatment is with corticosteroids and there is one case report of response to anakinra [54] .
PFAPA
This was first described in 1987 in a dozen otherwise healthy American children [55] . The diagnosis is clinical and is suggested by the presence of a recurrent fever of early onset (aged less than 5 years) and one of the following associated symptoms: oral apthous ulcers, cervical lymphadenopathy or pharyngitis, in the absence of evidence of recurrent upper respiratory tract infections or cyclic neutropenia. Characteristically, the children are entirely well between attacks and their parents frequently report that they seem less susceptible than other children to minor viral infections. The largest case-series to date has been published recently by Feder and Salazar [56] . They describe the phenotype in more than 100 children seen in a single centre in Connecticut. The median age at presentation was 2·5 years and 83% of children presented before their fifth birthday. There was a slight male preponderance of 62%. The patients were of European ancestry in 81% of cases, but large case-series have also been described in Israel, suggesting that this is by no means a disease limited to those of northern European descent [57, 58] . The 'acronym symptoms' of apthous oral ulcers, pharyngitis and cervical lymphadenopathy were definitely not universal and are frequently not all present during a single attack. The diagnosis is clinical and there is no diagnostic test. During attacks the acute phase response is often strikingly elevated. In general the prognosis is good and most children will outgrow their symptoms within a decade.
For many clinicians the strongest diagnostic pointers are the extreme regularity of attacks (although there may be some skipping of attacks, particularly in the summer months) and the response to a small dose of corticosteroids. None the less, before making a diagnosis of PFAPA other causes must be excluded including recurrent viral or bacterial infections and cyclic neutropenia. In addition the inherited fever syndromes should be considered; indeed, a recent paper has shown that 16% of patients who fulfilled the diagnostic criteria for PFAPA in fact had an inherited periodic fever syndrome and another 18% carried a known fever gene mutation or polymorphism [59] .
Most children have received repeated courses of antibiotics without benefit for presumed recurrent pharyngitis before the diagnosis is made. The first-line treatment of PFAPA is a single dose of corticosteroid given at the start of the attack. Padeh et al. suggested that the dramatic response to a single oral dose of corticosteroids is sufficiently unique to PFAPA syndrome that it could be used as a diagnostic criterion [57] . More than 70% of patients who responded to steroids were given it for recurrent attacks with good effect, although attack-free interval did appear to shorten in 50% of treated children.
The H2 receptor antagonist cimetidine has been also reported to be effective in PFAPA. Feder and Salazar describe treatment of 26 children using 150 mg twice daily for a total of 6-12 months. Prophylactic cimetidine stopped all attacks in 27%, with only one patient having a recurrence of disease when treatment was stopped. The only major side effect encountered was that four children could not tolerate the taste. Colchicine has been tried in PFAPA with variable reports of success. Tasher et al. reported that eight of the nine children had a good clinical response to colchicine prophylaxis in PFAPA at doses of 0·5-1 mg daily, but other series have reported less benefit [57] . Our unreported experience has also been favourable, and in patients who require prophylactic treatment it is our first choice of agent.
Tonsillectomy can be curative in PFAPA: a randomized study in 39 children followed-up for 18 months demonstrated a remission of symptoms in 62% of the children who had a tonsillectomy and only 5% of controls [60] . Curiously, the histology of the resected material in children who underwent tonsillectomy for PFAPA showed typical appearances of chronic inflammation with no specific features [61] . In general, more than 50% of children appear to have excellent long-term outcomes after tonsillectomy, but this may be biased data as many centres do not refer children for surgery unless their tonsils are persistently enlarged. Therefore, these very high responses may be seen only in the subgroup of cases with abnormal tonsils whose symptoms are driven by persistent tonsillar inflammation.
Schnitzler's syndrome
This was first reported in 1974 and is characterized by a chronic urticarial rash, a monoclonal IgM gammopathy and systemic inflammation usually presenting as fever [62] . The median age at onset is 51 years [63] and the youngest reported case was aged 13. There is a slight male preponderance, and the majority of reported cases to date are of Caucasian ancestry [64] . Clinically, Schnitzler's syndrome resembles CAPS very closely, except that it is clearly an acquired syndrome presenting in mid-to late adulthood (Fig. 4) . The monoclonal protein appears central to the pathogenesis, although the mechanism remains unclear [65] . About a fifth of patients eventually progress to overt plasma cell malignancy. Chemotherapy has been tried in the past, but does not appear to relieve the syndrome and should only be used for conventional haematological indications. The treatment of choice of Schnitzler's syndrome is IL-1 blockade. Anakinra has been reported in a number of small series to abolish symptoms completely, although it has no effect on the paraprotein concentration (lipsker).
Long-term outcomes
Although CINCA/NOMID and DIRA can be sufficiently severe to cause death within the first few decades, life expectancy among many patients with autoinflammatory disorders is good, and is expected to be excellent in those for whom there is now effective therapy. The most serious and lifethreatening complication of these diseases generally is AA amyloidosis.
AA amyloidosis
AA amyloidosis is an often fatal disorder, predominantly affecting the kidneys, which occurs in a small proportion of patients with chronic inflammatory diseases [66] . AA amyloid fibrils are derived from the circulating acute-phase reactant serum amyloid A protein (SAA). SAA is synthesized by the liver under transcriptional regulation of IL-1, IL-6 and TNF-a [67] , and its plasma concentration may rise a thousand-fold in the presence of inflammation [68] . AA amyloidosis is much more common among patients with inherited periodic fever syndromes than other chronic inflammatory diseases. The median duration of inflammatory disease in patients who develop amyloidosis is about 20 years. Up to 60% of patients with FMF died of renal failure due to AA amyloidosis before prophylactic colchicine was widely available, and even recently it was reported in 13% of a large Turkish series. The incidence of AA amyloidosis in TRAPS and CAPS is approximately 25%, but is less than 5% in MKD, perhaps because the disease often ameliorates spontaneously in early adulthood.
The natural history of untreated AA amyloidosis is of renal failure and early death, but this can be prevented completely by effective treatment of the underlying inflammatory disorder and long-term suppression of SAA levels to near-normal values.
Conclusion
The periodic fever syndromes are a group of autoinflammatory diseases which present largely, but not exclusively, in childhood. Diagnosis is often dependent upon genetic testing, which is available from the National Amyloidosis Centre in the UK and from a variety of international centres (list available at http://www.printo.it/eurofever/ genetic_analysys.asp). Recent advances in diagnosis have been accompanied by improvements in treatment, particularly in FMF, CAPS, TRAPS and Schnizler's syndrome, and for the majority of affected individuals the long-term prognosis is good. 
